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COMPUTER SIMULATIONS TO DETERMINE THE OPTIMUM SAMPLING
FREQUENCY DURING CUSTODY TRANSFERS

N W King. B.Se •• C.Eng •• C.Phys

National Engineering Laboratory

SUMMARY
A method using computer simulations and analysis to determine the optimum
number of samples to be taken during the course of crude oil custody transfer
is described. Firstly, a computer simulation 'GRAB' was used to study the
effect the form of the water concentration transients had on sampling accuracy
and this showed there was a linear relationship between sampling accuracy and
each of transient duration, interval, peak water concentration and sampling
frequency. Secondly an analytical program 'DATACAL' and its associated data-
logging program 'DATALOG' were used ·to analyse simulated tanker discharges
based on chart recordings of actual tanker discharges. This showed that to
produce acceptable sampling uncertainties. 1000 samples per discharge were
borderline, 2000 were adequate, and 10 000 were excessive.
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1 INTRODUCTION

The water content of a crude oil cargo is normally determined by analysis of
a sample collected automatically during the transfer of the cargo through a
pipeline, be it a platform export cargo or a ship-to-shore transfer. The
size of the sample taken is very small, perhaps less than a millionth of the
cargo volume, so it is important that every effort be taken to ensure that the
sample taken is truly representative of the entire cargo.

Towards this end the accuracy of the instruments and procedures used to obtain
the samples have been greatly improved in recent years by the findings of a
research project at NEL (1,2,3,4) sponsored by a consortium of the oil
companies given in Table 1. Most of the laboratory and field work devoted to
this project has studied the sampling errors resulting from physical sources,
eg concentration profiles, sampler characteristics etc. Little effort,
however, has been devoted to studying the statistical errors that occur in
taking small intermittent samples from a much larger volume flowing in a pipe-
line.

In theory we could obviate the need for intermittent sampling (assuming only
temporal water variations and·a uniform concentration profile in the pipe) by
taking a sample flow proportionally and continuously whereupon the results
should give a good statistical representation of the characteristics of the
flow at large. However, since this would involve an inordinate volume of
sample being collected or a hyperdermic sized sampling probe being used, we
have to accept that some form of intermittent sampling is necessary. If this
is so, what sampling frequency should we adopt? Too fast and we collect too
much sample incurring the errors of sub-sampling, too little and our statisti-
cal errors become too large. The question is exemplified in the current 1000
or 10 000 grab per tanker discharge debate which has focused attention on the
need to resolve the issue.

To shed some light on the subject NEL has constructed two computer simulations
of pipeline flow in which a perfect sampler could operate in a perfect pipe-
line and enable an analysis of the statistical uncertainties to be conducted
in isolation from the physical uncertainties. This paper describes the use
of the computer simulations and Bome of their results. The first simulation,
GRAB, was designed to investigate the effect that transient frequency, dur-
ation and waveform had on sampling accuracy and the second, DATACAL, linked
to a data acquisition program, DATALOG, to study actual or simulated transfers
of crude. Together the programs occupied 70 Kbytes of memory and were written
in standard Microsoft Basic. At the NEL they were run on Superbrain QD and
Epson PX-8 micro-computers both running under CP/M operating systems.

2 TRANSIENT STUDY PROGRAM

This program was designed to study the effect that transient frequency, dur-
ation and waveform had on sampling accuracy. As such it was concerned only
with individual transient types and not with an entire pipeline transfer or
tanker discharge.

The program generated water transients whose duration D, interval H, and peak
height P could be defined. A random number routine was used to vary these
variables in a psuedo-Gaussian distribution from 75 to 125 per cent of the
defined values to avoid any harmonics with the sampling frequency. A con-
stant flowrate was assumed though the simulations would be equally valid for
a varying flowrate if flow proportional sampling was used. Also homogeneously
mixed water in each transient was assumed as was the ability of the sampler to
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extract a perfectly representative sample of the flow passing during the
instant the sample was taken. The total sampling time T, the total water
content W of the flow over the sampling time and the sampling grab frequency
F, could also be defined. A choice of three transient forms could be
generated as given 1n Fig. 1, namely square, shaped and sawtooth forms defined
by the parameter 'X' together with P and H. Care should be taken not to visu-
alise these transients as physical 'waves' but as they really were, variations
in concentration of homogeneously mixed water.

The program generated successive transients and intervals and monitored the
flow second by second, accumulating the water sampled during the passage of
each transient. The program then compared the water collected by the sampler
Ws, with that actually flowing in the pipeline over the specified sampling
time Wa and evaluated the difference. The process was repeated a specified
number of times, usually 30 or more, to give an estimate of the standard devi-
ation or the scatter of the difference about its mean. It was this estimate
of the standard deviation which gave E, the 95 per cent confidence limits to
which the correct value of the water content could be quoted.

At the end of each simulation the program output:

Average sampling time T, per iteration (seconds)
Average number of grabs taken during each iteration
Average grabs/minute during each iteration
Average number of transients per iteration
Average peak height P, of the transients
Mean transient duration, D (seconds)
Sigma value of the variation of the transient duration
Mean interval duration, H (seconds)
Sigma value of the variation of the transient interval
Percentage of water in the flow, Wa
Percentage of the baseline water
Percentage of water sampled, Ws
Mean difference flowing and sampled water content
Sigma value of the mean difference
Mean percentage sampling error, E
Sigma value of the mean percentage sampling error.

The input values for D, H, P, T, Wand F, as well as the number of iterations
per simulation, the time of start and completion of the simulation were also
output so that a permanent printed copy was available.

To expedite its operation, the program had the facility to cover a range of D,
H, P, T, Wand F values in anyone run and allow the simulation to run
unattended overnight if required. This was very useful as several hours of
computer time could be required per simulation.

2.1 Application of the Computer Simulation to Sampling Frequency

The first task to which the computer program was applied was that of ascertain-
ing the relative merits of taking 10 000 as opposed to 1000 grabs per tanker
discharge. The problem was not as stmple as might be thought in that the shape
or form of the water transients was not well defined. The limited data sup-
plied by sponsor companies suggested a wide range of transient durations, peaks
and intervals were possible between different installations and even within the
same installation. Rather than predict what sampling errors could be incurred
at a particular installation therefore, it was decided to quantify the charac-
teristics of flows that would give unacceptable sampling errors.
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Wa = DP
H+D

The problem still remained, however, in the number of variables in operation,
namely transient duration, peak, form and interval, water content, sampling
period and grab frequency - seven in all. Fig. 2 illustrates just some of the
possible combinations when only three of these variables are considered. In
order to reduce the variables to manageable limits it was therefore decided
that:
a Only 1000 and 10 000 grabs per tanker discharge would be investigated.

b The sampling period would be held constant at 24 hours.

c The water content would be held constant at 1, 5, 10, 20 and 50 per cent
and would not include any background water, ie the total water content was
contained within the water transients no matter what form they took.

d The transient interval would be varied from 10 to 10 000 seconds.

e The transient peak or water content would be varied from 0-100 per cent
of full flow.
f The transient duration. would be varied from 1-1000 seconds.

g Only square waveforms would be.studied as these were expected to give
the worst case.
Effectively, therefore, there were only three variables H, P and D, and these
defined the form of each water transient. These three variables could be
plotted along three dimensions as in Figs 3 and 4 where the transient inter-
val H lies along the x-axis, the transient peak P along the y-axis, and the
transient duration D along the z-axis; each axis being logarithmic in order
to cover the wide range of values required for these variables.

Fixing the water content defined a surface in the three dimensions such that -

A uniform grid of 34 evenly spaced locations were taken across this surface and
the 95 per cent confidence limits of the sampling error E evaluated by taking
30 iterations at each location at each water content for 1000 and 10 000 grabs
per dis-charge. The exercise showed in passing that the sampling errors from
this source were entirely random and no significant systematic element could be
detected. Graphical interpolations were then performed across the grid points
to give the +0.01, 0.02, 0.05, 0.10, 0.20 and 0.50 per cent uncertainty contours
of the 95 per cent confidence limits as seen on the graphical representation for
the 1 per cent water case in Figs 3 and 4.

The data was also used to calculate by multiple linear regression using Gauss's
method with partial pivoting the relationship and the coefficients of the three
independent variables P, Hand D for both 1000 and 10 000 grabs per sampling
period. The relationship was of the form -

E = a + bP - cH + ~D
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which shows that if a given amount of water has to be transferred then to reduce
sampling erros to a minimum transients should:

i Have as long a duration as possible as E is inversely proportional to D.

ii Have as long an interval as possible as E Is linearly proportional to -H.

iii Have as small a peak as possible as E is directly proportional to P.

These three conclusions are basically stating that the water should ideally
come over as one long uniform transient. However, examination of the
coefficients of the relationships given in Table 2 give less obvious but
equally important conclusions. At first glance there seem to be no trends
between the values of the coefficients and water content, except for a steady
increase in the value of c as water content increases. The reason for the lack
of any other trend is a combination of the statistical uncertainty in the deter-
mination of the coefficients themselves in that each were derived from only
30 measurements, and also to the complex interactions between the variables.

Two distinct trends, however, become apparent when individual cases are taken
and displayed graphically as In Figs Sa, 5b and 5e. These figures take three
cases, keeping any two of the variables P, Hand D constant at a time and vary-
ing the third. Two conclusions can be drawn:

I The sampling error is usually about ten times as large when only 1000 grabs
as opposed to 10 000 grabs/discharge are taken.

II The sampling error increases only fractionally in proportion to the increase
in water content, Ie the sampling error at 20 per cent water content is far from
being 20 times the sampling error at 1 per cent water content.

It must be remembered that though the relationships between variables given above
will in general hold true, the magnitude of the errors in the field would be
expected to be much less because the computer simulation models the worst case of
a square wave transient. The next use of the program was therefore to investi-
gate the effect transient form had on the sampling accuracy_

2.2 Application of the Computer Simulation to Transient Form

On first glance an obvious refinement to a square wave transient was seen to be
the use of a sine wave. On reflection, however, it was thought doubtful that
sine wave transients would actually occur in real life - again it must be
remembered that the problem is not concerned with gravity or physical waves but
with a variation in the concentration of water suspended in a flowing crude oil.
Examination of the limited production platform and tanker discharge traces avail-
able suggested that transients usually had a steady state between their shaped
leading and trailing edges. For this reason the sine wave transients were aban-
doned in favour of the shaped and sawtooth waveforms shown 1n Fig. 1 together
with a square wave for comparison.

The simulation program was run using each of the three waveforms with again no
background water and the duration of each transient form chosen in such a way as
to give the same water concentration at each given peak value.

Tables 3 and 4 give the results of the simulations for each waveform as a func-
tion of peak height for grab rates of 1000 and 10 000 grabs/tanker discharge
respectively with a total water content of 5 per cent. P is the peak of the
transient ranging from water contents of 100 per cent maximum to 5 per cent
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minimum at which point the transients became level and continuous. H is the
interval between each transient, and X the value that defines the transient
form as given in Fig. 1. The column 'D!ff' is the average difference between
the water sampled and the actual water present as a percentage of the total
flow and column 'E' is the 95 per cent confidence limits to which anyone sam-
pling period could be quoted again as a percentage of the total flow. For
instance, the first row of Table 3 for the square waveform at 100 per cent P
measured on average 0.002 per cent above the actual 5 per cent water but any
one tanker measurement could only be quoted to +0.814 per cent.
Examination of Tables 3 and 4 produce the following conclusions:

a Maximum sampling errors are incurred with transients of square waveform,
less so with shaped waveform and least with sawtooth waveform. In the case of
the 1000 grabs/discharge simulations the relative ratios in sampling error
between the waveforms were 4:2:1 respectively.

b For the square waveform the sampling error at 10 000 grabs/discharge is
about 10 times less than the sampling error at 1000 grabs/discharge - confirming
Section 2.1 above.

c For the shaped and sawtooth waveform the sampling error is substantially
less than the square waveform sampling error at 10 000 than at 1000 grabs/
discharge and increasingly so as transient peak increases.

d At 10 000 grabs/discharge the sampling error is almost insignificant for
both shaped and sawtooth waveforms and also for the square waveform except when
the peak rises above about 30 per cent.

e At 1000 grabs/discharge the sampling error is very significant except for
shaped and sawtooth waveforms with peak values less than about 30 per cent.

It must again be emphasised that the errors given in the tables refer only to
the statistical errors of intermittent sampling, and do not include the physical
errors incurred in obtaining and analysing the samples.

The values of sampling error given in Tables 3 and 4 can be used to obtain
approximate values for errors in shaped and sawtooth waveforms for other dur-
ations and intervals by comparison of the square waveform values given in
Table 2.

3 TRANSFER STUDY PROGRAM

The foregoing simulation determined the effects transient waveform had on sa~
pIing accuracy but was an academic exercise in many ways because it is very
difficult to establish the waveforms in real life. The second program was
therefore written to examine a pipeline transfer or tanker discharge in its
entirety and as such was written in two parts, a data acquisition program
DATALOG, and a data analysis program, DATACAL, each of which is described below:

3.1 Data Acquisition Program

This program was written specifically for an Epson PX-8 micro-computer to util-
ise its portability, internal timers and 6 byte resolution analogue to digital
converter. Input was in the form of a 0-2 V d.c. signal either from a manual
control or from a water in oil capacitance cell. As such the computer and
program could be used to manually simulate a pipeline transfer from chart
recordings etc, or be carried and linked to a capacitance cell off-shore or at
a jetty to record 'real time' transfers.
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During data acquisition the program displayed variables such as control status,
actual time, elapsed time, storage capacity, and analogue input signal level on
the LCD screen of the computer. Either averaged or instantaneous digital
recordings could be taken at specified intervals from one second or longer and
stored in the internal memory of the computer or on an external micro floppy
disc. If stored internally, 60 000 or stored on micro disc, 140 000 two byte
recordings could be taken per transfer or tanker discharge.

3.2 Data Analysis program

Analysts of the data was in three parts:

3.2.1 Evaluating sampling error relative to sampling frequency

The actual water content in the transfer was calculated by accumulating the water
content at every point recorded during the transfer. Sampling errors were then
evaluated for a particular sampling frequency by accumulating the water content
at points separated by that frequency and evaluating the difference between that
and the actual water content. This was repeated for 30 different statistical
populations at each sampling frequency from which the 95 per cent confidence
levels of quoting water content for anyone population could be calculated.
These confidence levels were taken as being the sampling error for sampling at
that particular frequency. This was .repeated for a series of sampling
frequencies, the results of which were output in numerical form.

3.2.2 Evaluating the sampling error/frequency function

The sampling errors evaluated at each sampling frequency were entered into a
curve fitting routine to calculate a mathematical relationship between sampling
error and sampling frequency. From this relationship, the minimum sampling
frequency required to give a specified confidence level for water content
measurement could be derived.

3.203 Evaluating the probability density function

All the data points were 'filtered' into 64 different water content ranges and
the number of points falling in each range accumulated for the total transfer or
discharge. The number of points falling in each range was then evaluated as a
percentage of the total number of points and output both numerically and graphi-
cally to give the probability density function of the water contents recorded
during the transfer or discharge.

3.3 Application of the Program

No opportunity was available to use the data acquisition system on a field trans-
fer or tanker discharge during the course of this work. In the absence of any
field data, thereforet several simulated tanker discharges were created from a
manual input. The simulated discharges were modelled on several chart recordings
of actual tanker discharges and endeavoured to give a high water content during
the initial and final stages of the discharge and to insert random transients
during the entire discharge period. The simulated discharges were deliberately
made much more severe 1n terms of transient character to give a 'worst case'
simulation.

The results of this exercise can be seen in the computer printouts for a typical
simulated discharge logging and analysis given in Tables 5 and 6. Table 5 shows
the analysis covered 3400 x 24 = 81600 points at one second intervals, ie a
total of 22 hours and 40 minutes. The maximum water content during that time was
2 per cent, and the mean water content 0.5 per cent. Table 5 also shows the

6



regression relationship between sampling error and sampling interval. Table 6
shows the probability density function of the discharge where the top S63
represents the 2 per cent water level, and SO the 0 per cent water level.
Densities at each intervening water level are given as percentages of the whole
and plotted horizontally across the page as a graphical representation of the
function.

Three simulated discharges were created and analysed over different sections of
the recordings to give a total of 25 different simulated discharges, the results
of which are summarised in Table 7. Several relationships, power, logarithmic
and exponential between sampling uncertainty and sampling frequency were tried
on the analysis of several simulated discharges and the linear relationship
returned the highest correlation coefficient in every case. Examination of the
results in Table 7 show this linear relationship between sampling error and
sampling frequency, ie sampling error is inversely proportional to sampling
frequency~

7

Before using the results of·Table 7 to estimate an optimum sampling frequency a
measure of the sampling accuracy required must be decided. Wilson and Richards (5)
estimated that the best obtainable accuracy for the overall sampling/transfer/
handling/sub-sampling/lab-testing procedure was ±0.05 per cent. This estimate
included the repeatability/reproducibility for the Karl Fischer titration water
analysis method which was quoted as. 0.02/0.06 per cent up to the 1.5 per cent
water content. If this is the case then it would be pointless trying to reduce
the uncertainty attributable to sampling frequency to better than +0.01 per cent
as it would be lost in the other components contributing to the overall sampling
uncertainty. Table 7 shows that for the assumed 'worst case' simulated discharges
analysed that a sampling frequency of 1000 samples per discharge would be border-
line, 2000 samples per discharge would be more than adequate and that 10 000
samples per discharge would really be unnecessary. This conclusion is based on
the worst case of tanker discharges but in cases where minimal water transients
would be expected, in a continuous production well export line for example, it
is possible that the sampling frequency could be substantially less without
imparing sampling accuracy.
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TABLE 1
MEMBERS OF PHASE THREE OF THE NEL AUTOMATIC SAMPLING PROJECT

RepresentativeOrganisation
AMOCO (UK) Exploration Co.
BRITISH PETROLEUM Int. Ltd.

B Henderson
R Gold, J S S Miller,
A Thorogood
K F L Withams
D Clark
G Payne
C F Sayer
P R Lallem
E Garland
Dr. L P Golan, G W Watts
E Tolladay
L W Farey, J Beeftink
F Paulsen, S Solbakken
M··0 H Bayliss, B Lawson
W G Grant, R T Liddle
G R Watson, G Cromarty,
Miss K Paterson, E G McGirr
N Monsen, T Ingebrigtsen
P Cleqq

BRITOIL PIc.
CHEVRON Petroleum (UK) Ltd.
CONOCO (UK) Ltd.
DEPARTMENT Of' ENERGY
DEPARTMENT OF TRADE AND INDUSTRY
ELF (UK) Ltd.
ESSO Engineering (Europe) Ltd.
MARATHON Oil (UK) Ltd.
HOBIL Services Co. Ltd.
NORWEGIAN PI::TROLEUMDIRECTORATE
OCCIDENTAL Pet. (Caledonia) Ltd.
PHILLIPS Pet. Co. (Norway)
SHELL UK Exploration
STATOIL
UNION OIL of Great Britain Ltd.

TABLE 2

INTERPOLALATION COEFFICIENTS FOR THE COMPU'rERSIMULA'rIONS
Regression fits were of the form .

E = a + bP - cH + d
0

where P, H and D are dependent variables given by

Wa = OP
H+D

G % Water R a b c d
1000 1 0.93 0.092437 0.004516 0.000025 0.090338
1000 5 0.93 0.059429 0.008836 0.000068 0.971822
1000 10 0.94 -0.019357 0.013786 0.000254 2.441642
1000 20 0.88 0.296827 0.010450 U.000491 0.248190
1000 50 0.69 1.561355 0.001545 0.001455 0.119280

10,000 1 0.92 0.005638· 0.000747 0.000003 0.085879
10,000 5 0.90 0.004825 0.001011 0.000008 0.338854
10,000 10 0.93 0.023533 0.001122 0.000025 0.075399
10,000 20 0.97 0.080174 0.000138 0.000030 1.749248
10,000 50 0.94 0.015115 0.000910 0.000020 6.843370



TABLE 3

STUDY OF EFFECT OF TRANSIENT WAVEFORM ON INTERMITTENT SAMPLERS
AT A GRAB RATE OF 1,000 GRABS7TANKER DISCHARGE, 5% \>lATER

P H X Diff. 95%
% sec sec C.L.

SQUARE WAVEFORM H+0=1200 ..G=86

100 1140 60 0.002 0.814
90 1133.3 66.66 0.005 0.534
80 1125 75 0.035 0.306
70 1114.3 85.71 0.001 0.272
60 1100 100 -0.008 0.350
50 1080 120 -0.004 0.418
40 1050 150 -0.026 0.328
30 1000 200 -0.030 0.194
20 900 300 0.002 0.138
10 600 600 0.005 0.074

7.5 400 800· 0.003 0.052
5 flat flat 0.000 0.000

SHAPED WAVEFORM H+0=1200. G=86

100 1110 90 -0.004 0.434
90 1100 100 -0.009 0.378
80 1087.5 112.5 -0.019 0.200
70 1071.4 128.6 -0.001 0.048
60 1050 150 0.004 0.130
50 1020 180 0.025 0.130
40 975 225 0.004 0.046
30 900 300 0.003 0.024
20 750 450 0.001 0.018
10 300 900 0.002 0.004

7.5 0 1200 0.002 0.004
5 flat flat 0.000 0.000

SAWTOOTH WAVEFORM H+D=1200. G=86
100 1080 120 0.010 0.208

90 1066.7 133.3 0.071 0.142
80 1050 150 -0.000 0.046
70 1028.6 171.4 0.002 0.014
60 1000 200 0.007 0.050
50 960 240 0.008 0.074
40 900 300 0.000 0.034
30 800 400 0.002 0.022
20 600 600 0.002 0.016
10 0 1200 0.003 0.002

7.5 over lap
5 flat flat 0.000 0.000



TABLE 4

STUDY OF EFFBC'r OF TRANSIENT WAVEFORM ON INTERMITTENT SAMPLERS
AT A GRAB RATE OF 10;000 GRABS7TANKER DISCHARGE; 5% HATER

P H X Diff. 95%
% sec sec C.L.

SQUARE WAVEFORM H+D=1200. G=8.6
100 1140 60 -0.001 0.076

90 1133.3 66.66 0.003 0.064
80 1125 75 -0.002 0.044
70 1114.3 85.71 -0.002 0.046
60 1100 100 -0.001 0.030
50 1080 120 -0.001 0.034
40 1050 150 -0.003 0.022
30 1000 200 0.001 0.020
20 900 300 0.001 0.016
10 600 600 0.001 0.008

7.5 400 800 0.001 0.004
5 flat flat 0.000 0.000

SHAPED WAVEFORM H+0=1200. G=8.6

100 1110 90 0.000 0.006
90 1100 100 0.000 0.002
80 1087.5 112.5 0.001 0.004
70 1071.4 128.6 0.001 0.000
60 1050 150 0.000 0.002
50 1020 180 0.001 0.000
40 975 225 0.000 0.002
30 900 300 0.001 0.002
20 750 450 0.001 0.002
10 300 900 0.001 0.000

7.5 0 1200 0.001 0.000
5 flat flat 0.000 0.000

SAWTOOTH WAVEFORM H+D=1200. G=8.6
100 1080 120 0.001 0.002

90 1066.7 133.3 0.001 0.002
80 1050 150 0.001 0.002
70 1028.6 171.4 0.000 0.002
60 1000 200 0.001 0.002
50 960 240 0.001 0.002
40 900 300 0.001 0.002
30 800 400 -0.001 0.002
20 600 600 0.001 0.002
10 0 1200 0.001 0.000

7.5 over lap
5 flat flat 0.001 0.000



***
***

NATIONAL ENGINEERING LABORATORY
program DATACAL by N W King

***
***

TABLE 5

PRINTOUT OF 'DATACAL' PROGRAM SHOWING STATISTICAL RESULTS

ANALYSIS OF SAMPLING RECORDING TEST4

Coooaents:- DATALOGS program used for logging
Artificial tanker discharge

Test start 08:43:29 on 11/02/86 and end 10:10:42 on 11/02/86
File has 3401 records each with 24 single loggings every 1 sec.
This analysis covered records from 1 to 3400
Maximum voltage was 2.0 representing 2.0 % water content.

«< MEANS AND STANDARD DEVIATIONS »>

MEAN DIFFERENCE SIGMA 'T'SIGMA
Every 1536 points = 0.5314 -0.0030 0.0533 0.1045

768 = 0.5319 -0.0024 0.0310 0.0608
384 = 0.5334 -0.0010 0.0238 0.0466
192 = 0.5339 -0.0005 0.0145 0.0285

96 = 0.5342 -0.0002 0.0076 0.0148
48 = 0.5342 -0.0001 0.0022 0.0043
24 = 0.5344 -0.0000 0.0018 0.0038
12 = 0.5344 0.0000 0.0006 0.0012
8 = 0.5344 0.0000 0.0007 0.0016
4 = 0.5344 0.0000 0.0003 0.0008
2 = 0.5344 0.0000 0.0000 0.0000
1 = 0.5344 0.0000 0.0000 0.0000

«< REGRESSION »>

SAMPLING ERROR = 0.00006951 * SAMPLING INTERVAL (S) + 0.00442706

Correlation coefficient = 0.97805
Interval to obtain +/- 0.1 % water confidence limits = 1375 sec.
Interval to obtain +/- 5% of mean water content c.l. = 321 sec.



TABLE 6

PRINTOUT OF 'DATACAL' PROGRAM SHOWING PROBABILITY FUNCTION
863 = 0.42 * 531 = 0.98 '*562 = 0.13 '* 530 ;:;:; 0.92 '*561 ::: 0.15 * 529 = 0.98 '*560 = 0.07 * 528 = 0.98 *S59 = 0.25 * 827 = 1.34 '*558. = 0.40 '* 526 = 1.48 '*857 = 0.32 '* 525 = 2.26 *556 = 0.47 * 524 = 1.69 '*855 = 0.31 '* 523 = 2.tH *554 ;:;:; 0.21 * 522 == 1.62 '*553 = 0.47 * 521 = 1.73 '*552 = 0.47 * 820 = 1.62 *551 = 0.26 '* 519 = 2.07 *550 = 0.50 '* S18 ::: 1.61 *549 = 0.47 '* 517 = 1.13 '*548 = 0.43 '* 816 = 2.21 *547 = 0.74 '* 515 = 1.91 '*546 = 0.38 '* 514 = 1.23 '*545 = 0.54 '* 813 ::: 1.91 '*544 = 0.54 '* 512 ;:;:; 1.33 *543 = 0.68 '* 511 = 3.87 '*542 = 0.64 '* 510 = 2.47 '*541 ;:;:; 0.33 '* S09 = 6.39 '*540 = 0.60 * 508 = 5.29 *539 = 2.07 '* 507 = 2.95 '*538 = 1.01 * 506 = 3.78 '*537 = 0.47 '* 505 = 3.78 *536 = 0.76 '* 504 =17.93 '*535 = 0.28 '* 503 ::: 4.39 '*534 = 0.56 '* S02 = 0.42 '*533 = 0.34 '* 501 = 0.49 *532 = 0.82 '* SOO = 0.54 '*



TABLE 7
RESULTS OF 25 'DATACAL' COMPU'rER SIMULATIONS

TEST REC REC NO MAX MEAN NOl-1* UNCEjTAINTY AT GIVEN SAMPLES/DISCHA~GE
NO STAJ{T END PTS WATER WATER PEAK 100 200 I 500 11000 12000 .15000 110000

, 1

4 1 3400 81600 2 0.53 1.86 0.114 0.061 0.030 0.019 0.007 0.004 0.003
4 1 1700 40800 2 0.54 1.86 0.149 0.098 0.046 0.020 0.015 0.004 0.003
4 1700 3400 40800 2 0.53 1.88 0.059 0.031 0.015 0.009 0.007 0.005 0.004

10 1 2400 57600 2 0.38 2.63 0.121 0.060 0.035 0.023 0.017 0.006 0.004
10 1 1200 28800 2 0.39 2.56 0.095 0.052 0.017 0.009 0.004 0.002 0.001
10 1200 2400 28800 2 0.36 2.74 0.086 0.050 0.040 0.033 0.016 0.003 0.003
10 1 600 14400 2 0.36 2.76 0.091 0.050 0.015 0.013 0.006 0.003 0.003
10 600 1200 14400 2 0.42 2.38 0.071 0.043 0.018 0.013 0.007 0.003 0.003
10 1200 1800 14400 2 0.40 2.47 0.074 0.065 0.044 0.012 0.007 0.003 0.003
10 1800 2400 14400 2 0.33 3.07 0.110 0.086 0.054 0.025 0.010 0.003 0.003
10 1 300 7200 2 0.43 2.3 0.065 0.035 0.016 0.007 0.003 0.003 0.003
10 600 900 7200 2 0.41 2.42 0.097 0.059 0.036 0.014 0.006 0.004 0.004
10 1200 1500 7200 2 0.34 2.91 0.058 0.048 0.017 0.013 0.003 0.002 0.002
10 1800 2100 7200 2 0.33 3.07 0.055 0.046 0.018 0.003 0.002 0.002 0.002
11 1 2400 57600 32 1.64 19.53 0.322 0.213 0.086 0.056 0.015 0.005 0.003
11 1 1200 28800 32 2.00 16.00 0.219 0.126 0.071 0.052 0.020 0.003 0.001
11 .1200 2400 28800 32 1.27 25.20 0.289 0.179 0.113 0.070 0.011 0.004 0.002
11 1 600 14400 32 2.63 12.16 0.166 0.093 0.049 0.010 0.007 0.003 0.002
11 600 1200 14400 32 1.37 23.25 0.206 0.082 0.051 0.010 0.004 0.003 0.002
11 1200 1800 14400 32 0.64 50.00 0.342 0.218 0.125 0.060 0.020 0.010 0.005
11 1800 2400 14400 32 1.91 16.74 0.183 0.131 0.060 0.016 0.007 0.005 0.004
11 1 300 7200 32 3.70 8.64 0.136 0.081 0.030 0.011 0.006 0.004 0.003
11 600 900 7200 32 1.54 20.78 0.188 0.050 0.020 0.010 0.005 0.004 0.003
11 1200 1500 7200 32 0.78 40.76 0.198 0.099 0.040 0.013 0.009 0.005 0.003
11 1800 2100 7200 32 1.44 22.29 0.174 0.084 0.035 0.014 0.007 0.005 0.003

means = 0.147 0.086 0.043 0.021 0.008 0.004 0.003
( * Nominal Peak = maximum peak water content if mean water were 1 percent)



Square Wave p

I ! -
H 0:: 2X

Shaped p

!
H -----.....------- 0:: 3X

Fig 1 Transient Waveforms used in Computer Simulations

Sawtooth

--- H 0 =4X

p

J



100
t.,.

,ter

o

100

J,.
Water,

o

!2
Background
woter- - -fffLIff

I t
Slug duration. 0 constant

'? ". ,oT ~
~ V "I""'::

I I .-1

~I I /' l ;,

~ ~I I /' ;, V
... Slug peak, P constant

Time .. Slug interval. H constant

Fig 2 Examples of Some Types of Water Transients



Peak
he ight
of slug

( 0/0 )

10

5

2

1

1.00 ,00
1500

'000 . t s\ug
. auf a\. Ion 0 )
~ (seconds

Fig 3 Three- Dimensional Representation of Magnitude of Sampling
Error E as Transient Duration, Peak and Interval
are Varied with 1 per cent Water Content, 24 Hour
Sampling Period and 1000 Sample Grabs



sao'000 . ot s\ ug
. ouratlon )
~ ts~COfldS

Fig 4 Three-Dimensional Representation of Magnitude of Sampling
Error E as Transient Duration, Peak and Interval
are Varied with 1 per cent Water Content) 24 Hour
Sampling Period and 10000 Sample Grabs



1.5 r-----r-------,------,~---

~ 1.0
'-
'-
C1I

en
.5-0-

!i 0.5
Vl

G = 10000----- - -- - - - - -- -- - ---

O~------L-------~------~----~o 10
% water content

1.5 .-----r-------,---~------.

~ 1.0
'-
'-
C1I

enc
:.=
0-
e
IV 0.5
Vl

1.5

~ 1.0
'-
'-
C1I

en
.5-~e 0.5
IV

Vl

Fig 5

(a)
p = 100%
H = 500 sec

G = 10000----------------------o ~ L_ ~ ~ ~

o 10
0/0 water content

G = 10000----------

20

(b~
p = 100%
o = 100 sec

20

(c~
H = 1000 sec
o = 500sec

Graphical Representation of Selected Variable
Relationships from the Computer Simulation

O~O~~~~------1~0------.L-----~20
0/0 water content




